AD

(Leave blank)

Award Number:
W81XWH-06-1-0409

TITLE:
In Vivo Role of Sixl in Mammary Gland Tumorigenesis

PRINCIPAL INVESTIGATOR:
Erica McCoy

CONTRACTING ORGANIZATION:
University of Colorado Health Sciences Center
Aurora, Colorado 80045

REPORT DATE:
April 2009

TYPE OF REPORT:
FINAL

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT : (Check one)
X Approved for public release; distribution unlimited
Distribution limited to U.S. Government agencies only;

report contains proprietary information

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.



REPORT DOCUMENTATION PAGE oMo N Do o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
04/ 14/ 2009 FI NAL 15 Mar 2006-14 Mar 2009
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

5b. GRANT NUMBER
In Vivo Role of Six1 in Mammary Gland Tumorigenesis W8I1XWH-06-1-0409

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Erica McCoy

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

University of Colorado Health
Sciences Center
Aurora, CO 80045

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Material

Command

Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Honmeobox transcription factor Six1l has been associated with tunorigenesis and nmetastasis in a nunber of organ systens and
has been inplicated in proliferation, survival, and mgration during nornmal devel opnent. Qur research is ained at utilizing
nouse nodel s to understand in the role of Six1 in the onset and progression of breast cancer. Mst significantly, we have
determined that Six1l is sufficient to induce tunmor fornmation in the manmmary gl ands of mnice genetically engineered to

i nduci bly overexpress the gene. The latency for tunor formation is between 12-24 nonths and the tunors that arise in these
aninmal s are very aggressive and have norphol ogi cal features of an epithelial to nesenchymal transition (EMI), a phenonenon
that has recently been suggested to contribute to netastasis, and stemcell origin. Mlecular analysis of these tunors has
reveal ed activation of the Wit signaling pathway, a pathway inplicated in maintaining EMI and a stemcell fate that may
contribute to tunorigenesis. Additionally, we have discovered that our inducible nouse nodel allows for |eaky transcription
of Six1l in the uninduced state. Interestingly, animals fromthis group acquire tunors at an increased frequency conpared to
those aninmals that are induced to express Sixl, suggesting that even low | evels of Six1l are capable, and may even be nore
efficient at initiating tunorigenesis conpared to higher Sixl |levels. These conpelling results in conbination with simlar
findings in our experiments involving Sixl in conbination with PyMI have led to nore studies to dissect the role of Six1l
levels and its cofactors in breast cancer initiation and progression.

15. SUBJECT TERMS
Si x1, PyMI, stemcells, Wit signaling, epithelial to mesenchymal transitions (EM),

tunori genesis, mammary gl and, cytokeratins, B-catenin, E-cadherin

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
U OF ABSTRACT OF PAGES USAMRMC

a. REPORT b. ABSTRACT c. THIS PAGE uu 19b. TELEPHONE NUMBER (include area
U U U 16 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




Table of Contents

Page
INEFOTUCTION ...t e e e e e e e e e et e e e ee e 4
B O Y e e e aae e 4-10
Key Research Accomplishments..........cooo i, 10-11
Reportable OUICOMES ... ... e e e 11
CONCIUSION e e e e e e e e e e e 11
REIEIBNCES ... 12-13

N 0 =T o [0 =P 14-16



INTRODUCTION:

Homeobox transcription factor Six1 is a critical mediator of embryonic development, where it
stimulates proliferation and survival of progenitor populations as well as migration of cells (1, 2).
Interestingly, Six1 expression is often found to be reinitiated in tumors where evidence suggests
it stimulates proliferation and survival, and where we have most recently shown that it induces
an epithelial to mesenchyam transition (EMT) in tumor cells. Together, these properties of Six1
may result in tumor progression and metastatic disease in tumors that overexpress the gene.
Overexpression of Six1 is observed in numerous cancers, including breast (3-5), ovarian (6),
cervical (7), and hepatocellular carcinomas (8), as well as rhabdomyosarcomas (9-11) and
Wilms’ tumors (12). Our research is aimed at utilizing mouse models to understand its role in
the onset and progression of breast cancer. We are currently using an inducible mouse model to
overexpress Six1 in differentiated cells of the mammary gland to determine if Six1 is sufficient
for inducing tumor formation. Additionally, we are using a retroviral transplant model to
overexpress Six1 in mammary progenitor cells to see if the gene is able to drive tumor formation
differently if present in a less differentiated cell type.

BODY:

Aim 1: Determine the role of Six1 overexpression in mammary gland tumorigenesis.
(Months 1-24)

(A) Evaluate the consequence of chronic Six1 overexpression in mammary gland epithelial cells
using a tetracycline inducible mouse model (months 1-18).

We discovered that there is leak in our inducible system, such that we are getting low levels of
Six1 expression in mammary glands taken from uninduced animals (Figure 1A). Transgene
levels were significantly higher in the induced cohort as compared to the uninduced cohort, and
importantly, relative Six1 expression differences were much greater between the uninduced and
induced TOSix animals than between the 4922 and 6239 transgenic lines (Figure 1A). Thus, we
were able to examine dose-dependent effects of Six1 by comparing the control group (MTB
+dox, expressing “no Six1”’) with two different experimental groups: animals that express “low
Six1” (uninduced animals from 6239 and 4922 TOSix lines); animals that express “high Six1”
(dox-induced animals from 6239 and 4922 TOSix lines). Although Six1 mRNA expression
could be detected by the sensitive method of qPCR in both young and old uninduced TOSix
animals, nuclear Six1 protein expression could only be detected in older, uninduced TOSix
animals (Figure 1B), suggesting an age-dependent increase in Six1 protein levels over time.
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Figure 1. Characterization of the inducible, mammary-specific Six1
using transgene specific primers and probe, reveals that HASix1 is
expressed at low levels in the uninduced (-dox) mammary glands,
Differences in expression between —dox and +dox mammary glands

and 6239). Values were transformed using logo(value+1) equation

No Six1 Low Six1 High Six1 multiparous animals and p-values were determined using two-tailed

paired student’s t-Test. (B) Immunohistochemistry using Six1

antibody reveals no Six1 protein in the control MTB+dox mammary
glands (No Six1), low levels of protein in the TOSix—dox mammary

glands (Low Six1), and higher levels of Six1 protein in the

TOSix+dox mammary glands (High Six1) (Scale bar = 100um).

Clear nuclear staining is shown in higher magnification insets
(arrow).




Long term induction of Six1 expression (TOSIX bitransgenic animals overexpress the
gene upon treatment with doxycycline) results in mammary tumor formation in a subset of
animals after approximately 12-21 months. Interestingly, tumors actually arise more frequently
in these animals (40%) compared to those induced to express Six1 (20%), suggesting that there
may be some dose-dependency to Six1’s ability to initiate tumorigenesis (Figure 2A). These
tumors have been characterized by our collaborating pathologist, who determined that they are
high grade adenocarcinomas with histologically diverse features (Figure 2B).
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Figure 2. Mammary tumors arise in Six1-expressing animals in a dose-dependent manner and manifest histologically diverse
phenotypes. (A) Kaplan-Meier analysis of percent tumor-free animals reveals that both low Six1 and high Six1 animals develop
tumors, but tumor frequency is higher in low Six1-expressing animals. (B) Shown are representative images of H&E stained tumor
sections demonstrating various histological patterns of tumors observed in TOSix animals.

These include features of EMT, including sarcomatoid regions that are characterized by loss of
E-cadherin expression (a marker of epithelial cells), gain of smooth muscle actin (a marker of
mesenchymal cells), and retention of cytokeratin 18 (suggesting epithelial origin) (Figure 3). We
detected lung masses in some of the animals and originally believed that they were metastases.
However, immunohistochemical staining revealed that the tumors are of lung origin, suggesting
that these animals acquired primary lung tumors, a common occurrence in aged mice. Analysis
of molecular markers in the tumors revealed the expression of nuclear 3-catenin, as well as its
transcriptional target cyclin D1, in approximately 70% of Six1-driven tumors, suggesting
activation of the Wnt signaling pathway (Figure 4A). qPCR analysis was performed to detect
other transcriptional targets of the Wnt signaling pathway, including Tcf7, Axin2, c-Myc, and
cyclin D1. Interestingly, these targets were upregulated in Six1-driven tumors, but not in the
Six1-overexpressing mammary glands (Figure 4B). These results suggest that activation of the
Wnt signaling pathway either occurs as a preferred cooperating oncogenic mutation in Six1-
mediated tumorigenesis, or that Six1 is able to initiate Wnt signaling specifically in the
tumorigenic context. Interestingly, ezrin, a previously reported target of Six1 in
rhabdomyosarcomas (11) is also specifically expressed in Six1-driven tumors, suggesting that
Six1 can activate this target specifically in the tumorigenic context in the mammary gland
(Figure 4C).



Figure 3. A subset of Six1 tumors show a
complete EMT. (A) H&E stained sections of
regions of tumor showing epithelial and
sarcomatoid (spindle-cell) morphology. (B)
Immunohistochemistry (IHC) with E-cadherin
antibody shows strong cell-surface staining in
the epithelial regions, and complete absence of
staining in the sarcomatoid regions. (C) IHC
to detect the EMT marker smooth muscle actin
(SMA) shows a gain of SMA expression in the
sarcomatoid regions. (D) IHC performed using
an antibody against the luminal epithelial
marker cytokeratin 18 (CK18). Sarcomatoid
tumors retain cytokeratin expression,
supporting an epithelial origin.

Figure 4. Wnt target genes are increased in the majority of Six1-driven tumors.
(A) Immunohistochemistry of serial sections from a TOSix mammary tumor
shows concurrent and focal loss of E-cadherin, gain of nuclear and cytoplasmic
B-catenin, and gain of the B-catenin transcriptional target, cyclin D1. (B) qPCR
analysis of Wnt signaling transcriptional target expression, including cyclin D1,
¢-Myc, Axin2, and Tcf7 and (C) the cytoskeletal organizer, ezrin, in mammary
glands taken from no Six1, low Six1, and high Six1-expressing animals verses
tumors arising in multiparous TOSix animals (combining both low and high-
Six1 expressing groups).



Six1 is known to stimulate proliferation in progenitor populations during normal
development (2, 4, 6, 13-17), and recent evidence suggests that the closely related family
member Six2 may contribute to the self-renewing potential of kidney stem cells (18). Six1-
overexpressing tumors display features of Wnt signaling activation, a pathway which has been
strongly implicated in mammary stem cell maintenance (19). Additionally, Six1-driven tumors
undergo EMT, a process strongly associated with the gain of stem cell characteristics (20).
Therefore, we sought to determine whether Six1 could promote a stem/progenitor cell phenotype
in mammary epithelial cells and whether Six1-driven tumors would exhibit stem/progenitor cell
characteristics.

To determine whether Six1 overexpression alters the percentage of mammary stem cells,
primary mammary epithelial cells were isolated from low Six1-expressing females from both the
6239 and 4922 transgenic lines and no Six1 control females aged approximately 1.5 years. We
chose to analyze the sucrose-treated cohort, as these animals presented the highest frequency of
tumor formation. We also analyzed primary mammary epithelial cells harvested from 8 week
old FVB and 1 year old FVB wild type mice to control for age-related differences in stem cell
populations. Epithelial cells were analyzed by flow cytometry using the stem cell markers CD24
and CD29. Interestingly, aged FVB control animals, as well as aged no Six1 animals, displayed
a very small CD24+CD29+ population (16.7% and 16.1%, respectively) (Figure 5A). However,
aged low Six1-expressing animals from both transgenic lines displayed an increased
CD24+CD29+ population compared to no Six1 controls (32.0% and 28.4% vs. 16.1%).
Interestingly, the percentage of stem cells observed in the aged, low Six] mammary glands was
similar to the 8 week old FVB control animals (30.5%) (Figure 5B).

To further determine whether the increased mammary stem cell population in Six1
overexpressing animals is functional, mammosphere assays were performed using epithelial cells
isolated from the above groups. The secondary mammosphere assay, which measures capacity
for self-renewal (21-23), revealed that Six1-overexpressing mammary glands contain an
increased number of functional mammary stem cells. Similar to the results from flow cytometry,
mammary cells isolated from aged no Six1 and FVB control animals formed very few
mammospheres. However, mammary epithelial cells isolated from aged low Six1-expressing
animals from both transgenic lines formed a similar number of mammospheres as 8 week old
FVB control animals (Figure 5B). These results demonstrate that mammary glands
overexpressing Six1 are enriched for stem cells, suggesting that Six1 may play a role in the
establishment or maintenance of mammary stem cell populations.

To determine if Six1-driven tumors also manifest a stem/progenitor cell phenotype, we
examined the TOSix tumors for expression of the luminal epithelial cell marker cytokeratin 18
(CK18), the myoepithelial cell marker cytokeratin 5 (CKS5), and the mammary progenitor cell
marker CK6 (24). Strikingly, Six1-driven tumors exhibited areas of mixed cytokeratin
expression, including CK18, 5, and 6 (Figure 6A). Additionally, 9/12 (75%) TOSix tumors
expressed the stem cell marker Sca-1 within the tumor at the following frequency: less than 5%
of the tumor (4/12), between 5-15% of the tumor (3/12), or greater than 15% of the tumor (2/12)
(Figure 6B). These data, in conjunction with the observation that individual tumors driven by
Six1 frequently show multiple histologic patterns and activation of Wnt-signaling, suggest that
Six1-induced tumors arise from a progenitor/stem-like cell population.
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Figure 5. Six1-overexpressing mammary glands exhibit stem/progenitor cell characteristics. (A) Flow cytometry analysis of
mammary epithelial cells harvested and pooled from 3 animals per group: 1.5 year old low Six1-expressing animals from 4922 and
6239 lines (aged); 1.5 year old no Six1 animals (aged); 1 year old FVB wild type animals (aged); and 8 week old FVB wild type
animals (young). Low Six1-expressing animals are enriched for mammary stem cells compared to aged FVB wild type and no Six1
control animals, as measured by the CD24+CD29+ population. Low Six1-expressing animals have a similar percentage of mammary
stem cells as 8 week old FVB wild type mice. (C) Secondary mammosphere assays were performed using epithelial cells isolated from
the groups identified in (B). Mammosphere numbers are increased in low Six1-expressing animals compared to no Six1 and aged FVB
controls and are similar to young FVB controls.

Figure 6. Six1-driven tumors display features
of stem/progenitor cell origin. (A)
Immunohistochemistry of sections from a
TOSix mammary tumor with activated Wnt
signaling displays mixed expression of
cytokeratins marking different cell types,
including cytokeratin 18 (CK18) which is
expressed on luminal epithelial cells,
cytokeratin 5 (CKS5), which is expressed on
myoepithelial cells, and cytokeratin 6 (CK),
which is expressed on the surface of mammary
progenitor cells. (B) Immunohistochemistry of
sections from TOSix mammary tumors
displaying expression pattern of Sca-1 staining
(expressed in less than 5% of the tumor,
between 5-10% of the tumor, and greater than
15% of the tumor).



In addition to the tumor phenotype, we observe a hyperplastic phenotype in the mammary glands
of animals induced to overexpress Six1 (previously described in 2007 report).

(B) Determine the effect of retroviral-mediated Six1 overexpression in mammary gland
progenitor cells (months 1-18).
In the last year, we have been using a retroviral transduction method to overexpress Six1 in the
mammary gland in combination with the polyoma middle T antigen (PyMT), a potent oncogene,
to determine if Six1’s expression is able to shorten tumor latency or increase PyMT-mediated
lung metastasis. In order to do this, we have harvested primary mammary epithelial cells from
wildtype animals and then retrovirally transduced them with Six1 and PyMT tagged with GFP
(controls including Six1 alone or PyMT alone are included). These cells are then transplanted
into the cleared fat pad of three week old recipient wildtype mice. Progenitor cells within the
population will give rise to a mammary ductal network that will express Six1 along with PyMT.
PyMT is known to give rise to tumors with a very short latency in this model
(approximately 3 months following transplant), and consistently leads to lung metastasis when
tumors grow to a large size, or when the primary tumor is removed (25). In our original study,
we obtained an infection efficiency of approximately 15%. In this study Six1 did not affect
primary tumor latency or growth, but led to a significant increase in the frequency of lung
metastasis, as well as an increase in metastatic burden. In a second experiment to confirm these
results, we obtained a much higher infection efficiency of approximately 40%. Interestingly, in
this experiment, the expression of Six1 prevented tumor formation and appears to have initiated
mammary differentiation (Table 1 and Figure 7).

Table 1
Approximate Cells
Infection Phenotype Number
g Transplanted
Efficiency
PyMT 1/5
15% Metastasis
PyMT + Six1 6/7
PyMT 9/10
40% Tumor
PyMT+Six1 2/10
PyMT Tumor PyMT +Six 1 Mammary Gland Figure 7. PyMT with Six1 at high

infection efficiency leads to mammary
differentiation. Fluoresecent image of
tumor from animal injected with mammary
cells transduced with PyMT alone (3 months
after injection) (left). H&E of mammary
gland from animal injected with mammary
cells transduced with Six1 and PyMT (4
months after injection) showing
differentiation (right).




These results suggest that perhaps, as already mentioned above, Six1 levels may be
critical in mediating its effects on tumorigenesis. Other cases for oncogene dose-dependency
have been cited in the literature involving Ras, as well as Oct3/4 (26, 27). We believe that
carefully dissecting the importance of Six1 expression levels is critical for uderstanding its role
in human breast cancer and for developing therapies for appropriately targeting its function. At
this time, we are planning experiments to titrate Six1 expression levels and determine whether
there is an optimal level of Six1 expression for its pro-tumorigenic role, and that, perhaps at
higher levels, it is actually anti-tumorigenic. In our experience, performing these types of
titration experiments in animals is difficult. Therefore, we will pursue these experiments using
cell culture techniques before moving on to animal studies. As these experiments will be quite
involved, they are outside the scope of this grant.

Our studies involving combining Six1 with a dominant-negative form of p53 have not
resulted in any tumors, suggesting that Six1 is not collaborating with p53 to lead to mammary
tumorigenesis, at least in this model.

(C) Determine if mammary gland tumorigenesis (if observed) or additional phenotypes are
dependent upon Six1 for maintenance using the inducible and retroviral overexpression models
outlined in aims 1a and 1b (months 18-24).

At this time, due to the discovery that this inducible system allows for leaky expression of Six1
that is sufficient for inducing a phenotype, we do not believe that the completion of this aim will
give us interpretable data.

Aim 2: Examine the dependency of Six1 on cyclin A1 for mammary gland proliferation and
tumorigenesis. (Months 18-36)

As the tumor latency with Six1 overexpression is long, we have not begun the experiments
associated with this aim where we will cross TOSIX1 mice with Cyclin A1 knockout mice to
determine whether cyclin A1 is required for Six1-mediated tumorigenesis. We are generating
MMTV-Six1 transgenic mice so that this experiment can be done more easily, without the
necessity of bitransgenic lines and doxycycline treatment. Developing the MMTV-Six1 mouse
model is beyond the scope of this grant.

KEY RESEARCH ACCOMPLISHMENTS:

e Identified that long term induction of Six1 expression in an inducible mouse model leads
to hyperplasia as well as aggressive tumor formation.

e Characterized the tumors to identify a Six1-induced epithelial-to-mesenchymal transition,
as well as the presence of active Wnt signaling using molecular markers.

e Identified that the tumors also show markers of having arisen from more progenitor like
cells, including keratin 6 and Sca-1 expression, and expression of mixed markers of
myoepithelial and luminal epithelial lineages (keratin 5 and 18, respectively).

e Demonstrated that Six1 promotes a stem/progenitor cell phenotype, both in a normal and
tumorigenic context.

o Identified leaky expression in the inducible model that results in low levels of Six1
expression in the uninduced mammary glands, leading to increased tumor frequency,
suggesting a Six1 dose-dependency.
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e Noted that Six1 does not affect tumor latency or growth when combined with the PyMT
oncogene.

e Discovered that at low infection efficiency, Six1 is able to enhance PyMT-mediated lung
metastasis and that at high efficiency, Six1 is able to prevent PyMT-mediated
tumorigenesis and may induce differentiation.

e Determined that Six1 does not collaborate with pS3DN to initiate tumorigenesis in this
model.

REPORTABLE OUTCOMES:

Research presented in the form of a short talk (invited based on abstract submission) and poster
at the Gordon Conference for Mammary Gland Biology in Newport, RI, June 2007, as well as at
the Era of Hope Meeting in Baltimore, MD, June 2008. Research was also presented in the form
of a poster at the Keystone Meeting for Signaling Pathways in Development and Cancer in
Steamboat Springs, CO, March 2008 for which my abstract was selected for a Keystone
Symposia travel award scholarship. Research was also presented at the Gordon Conference for
Mammary Gland Biology in Barga, Italy, June 2008 in the form of a poster.

The following manuscript resulted from this work:

McCoy, EL, Iwanaga, R, Jedlicka, P, Abbey N-S, Chodosh, LA, Heichman, K, Welm, AL, and
HL Ford. "The Six]1 Homeoprotein Induces Mammary Tumors with Epithelial-Mesenchymal-
Transition and Stem/Progenitor Cell Characteristics." (Manuscript under revision at The Journal
of Clinical Investigation).

Grants that resulted from this work include a grant from the American Cancer Society entitled
“The Role of Six1 in EMT and Tumor Progression”. (per year direct costs/ for 4 years.

The grant runs from 5/1/07-4/30/11 and 2R01-CA095277 -06 (Ford), “The role of Six1 in EMT
and Tumor Progression” 9/29/2007 — 9/28/2012 from NIH/NCI (in directs, all overlap
removed and budget reduced to avoid overlap with ACS grant).

CONCLUSIONS:

Our data are the first to demonstrate that Six1 overexpression is sufficient to induce
tumorigenesis when expressed out of context in a normal adult cell, leading to highly aggressive
and invasive mammary tumors with EMT and stem cell features. We conclude that Six1 is
promoting tumorigenesis by re-employing its developmental program to drive not only
proliferation and survival, but also migration and invasion through EMT. Additionally, our data
are the first to suggest that Six1 acts to promote a stem cell phenotype. These results are quite
compelling, given the clinical data that Six1 is overexpressed in 50% of primary breast cancers
and 90% of metastatic lesions (3-5). Our ultimate goal is to identify Six1 as a legitimate
therapeutic target. As Six1 expression is primarily expressed only in embryogenesis, lost in the
adult, and re-expressed in cancers, targeting Six1 in a clinical setting may successfully treat
cancer while avoiding damage to normal adult tissues, thus limiting side-effects. The importance
of understanding a possible Six1 dose-dependency is critical for our future attempts to control
Six1 as a cancer therapy.
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Manuscripts

McCoy, EL, Iwanaga, R, Jedlicka, P, Abbey N-S, Chodosh, LA, Heichman, K, Welm, AL, and
HL Ford. "The Six1 Homeoprotein Induces Mammary Tumors with Epithelial-Mesenchymal-
Transition and Stem/Progenitor Cell Characteristics." (Manuscript under revision at The Journal
of Clinical Investigation).

Presentation Abstracts

Poster/talk abstract presented at the Gordon Conference on Mammary Gland Biology, Newport,
RI, June, 2007 (selected for short talk based on the submission of this abstract):

In Vivo Role of the Six1 Homeoprotein in Mammary Gland Tumorigenesis

E.M. McCoyl, N. Abbey2, P. Jedlicka3,L. Chodosh4, H.L. Ford1,2, 1Program in Molecular Biology, 2Department
of Obstetrics and Gynecology, 3 Department of Pathology, University of Colorado Health Sciences Center, Denver,
Colorado, USA 4Department of Cancer Biology, University of Pennsylvania School of Medicine, Philadelphia,
Pennsylvania, USA

Human Six1 is a homeodomain-containing transcription factor that is critical for cell
proliferation, survival, and epithelial to mesenchymal transition (EMT) during normal
development. In addition to its developmental role, overexpression of Six1 has been detected in
a number of human cancers, including breast cancer, where it is linked to both proliferation and
metastasis. As many as 50% of primary breast cancers and 90% of metastatic lesions overexpress
the gene, in part due to gene amplification. Six1 can transform a mammary epithelial cell line,
but no work has been done to show the effects of Six1 overexpression in vivo. We have
established an inducible, mammary-specific Six1 overexpression model by crossing MMTV-
rtTA mice to TetO-Six1 mice, and are using this model to test whether Six1 overexpression leads
to mammary tumors, as well as to dissect the molecular mechanism by which Six1 influences
tumorigenesis in vivo. In mice induced to consitutively overexpress Six1 in the mammary gland,
marked hyperproliferation and abnormal alveologenesis is observed. In addition, tumor
formation is observed after long latency (>1 year). Tumors formed are complex, but are best
characterized as invasive ductal adenocarcinomas with complex features. The tumors contain
regions with papillary and secretory differentiation, as well as high grade solid areas. Most
importantly, sarcomatoid differentatiation (spindle cell morphology) is observed, and E-cadherin
expression is lost in high grade areas of the tumor. Thus, this transgenic model demonstrates that
inappropriate expression of Six1 promotes high grade tumor formation and oncogenic EMT,
suggesting that Six1 is important not only for tumor initiation, but also for tumor progression.
This inducible model provides us with a system to examine whether removal of Six1 expression
can reverse the phenotypes, thereby addressing whether Six1 is a viable drug target.
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Importantly, Six1 is not necessary for most normal adult tissues, and thus therapies directed
against Six1 may not lead to the severe side effects seen with more conventional treatments.

Poster abstract presented at the Keystone Symposia on Signaling Pathways in Development and
Cancer, Steamboat Springs, CO, March 2008 and the Era of Hope meeting, Baltimore, MD,
June, 2008 (abstract selected for Keystone Symposia travel award scholarship and for short talk
at the Era of Hope meeting):

In Vivo Role of the Six1 Homeoprotein in Mammary Gland Tumorigenesis

E.M. McCoy, Alana Welm, Karen Heichman, P. Jedlicka,L. Chodosh, H.L. Ford. Program in
Molecular Biology, University of Colorado Health Sciences Center, Aurora, Colorado, USA,
80045

Human Six1 is a homeodomain-containing transcription factor that is critical for cell
proliferation, survival, and epithelial-to-mesenchymal transition (EMT) during normal
development. In addition to its developmental role, overxpression of Six1 has been detected in a
number of human cancers, including breast cancer, where it is linked to both proliferation and
metastasis. As many as 50% of primary breast cancers and 90% of metastatic lesions overexpress
the gene, in part due to gene amplification. Six1 can transform a mammary epithelial cell line,
but no work has been done to show the effects of Six1 overexpression in vivo. We have
established an inducible, mammary-specific Six1 overexpression model by crossing MMTV-
rtTA mice to TetO-Six1 mice, and are using this model to test whether Six1 overexpression leads
to mammary tumors, as well as to dissect the molecular mechanism by which Six1 influences
tumorigenesis in vivo. Low levels of Six1 expression is observed in uninduced bitransgenic
animals over long periods of time, suggesting leakiness in the inducible model. Interestingly,
animals treated with doxycycline, as well as uninduced animals, develop marked mammary
hyperproliferation and abnormal alveologenesis. In addition, tumor formation is observed after
long latency (>1 year) in both induced and uninduced animals, suggesting that low levels of Six1
are sufficient to cause transformation in this model. Tumors formed are complex, but are best
characterized as invasive ductal adenocarcinomas with complex features. Importantly,
sarcomatoid differentiation (spindle cell morphology) is observed, and E-cadherin expression is
lost, while the mesenchymal markers Zeb1 and smooth muscle actin are gained. Nuclear
localization of B-catenin in tumors overexpressing Six1 suggests that the Wnt pathway, a potent
mediator of tumorigenesis, may be activated in Six1-driven tumors. Finally, lung metastasis has
occurred in a subset of animals. Thus, this transgenic model demonstrates that inappropriate
expression of Six1 promotes high-grade tumor formation, oncogenic EMT, and metastasis,
suggesting that Six1 is a powerful oncogene that is important not only for tumor initiation, but
also for tumor progression. Mining of clinical data sets reveals that expression of the Six1
transcriptional complex is an indicator of poor prognosis in a number of different cancers,
suggesting that Six1 may play important roles in many different cancer types. As Six1 is not
necessary for most normal adult tissues, therapies directed against Six1 may not lead to the
severe side effects seen with more conventional treatments, making Six1 an attractive
chemotherapuetic target.
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Poster abstract presented at the Gordon Conference on Mammary Gland Biology, Barga, Italy,
June 2008:

In Vivo Role of the Six1 Homeoprotein in Mammary Gland Tumorigenesis

E.M. McCoy, Alana Welm, Karen Heichman, P. Jedlicka,L. Chodosh, H.L. Ford. Program in
Molecular Biology, University of Colorado Health Sciences Center, Aurora, Colorado, USA,
80045

Human Six1 is a homeodomain-containing transcription factor that is critical for cell
proliferation, survival, and epithelial-to-mesenchymal transition (EMT) during normal
development. In addition to its developmental role, overxpression of Six1 has been detected in a
number of human cancers, including breast cancer, where it is linked to both proliferation and
metastasis. As many as 50% of primary breast cancers and 90% of metastatic lesions overexpress
the gene, in part due to gene amplification. SixI can transform a mammary epithelial cell line,
but no work has been done to show the effects of Six1 overexpression in vivo. We have
established an inducible, mammary-specific Six1 overexpression model by crossing MMTV-
rtTA mice to TetO-Six1 mice, and are using this model to test whether Six1 overexpression leads
to mammary tumors, as well as to dissect the molecular mechanism by which Six1 influences
tumorigenesis in vivo. Low levels of Six1 expression is observed in uninduced bitransgenic
animals over long periods of time, suggesting leakiness in the inducible model. Interestingly,
animals treated with doxycycline, as well as uninduced animals, develop marked mammary
hyperproliferation and abnormal alveologenesis. In addition, tumor formation is observed after
long latency (>1 year) in both induced and uninduced animals, suggesting that low levels of Six1
are sufficient to cause transformation in this model. Tumors formed are complex, but are best
characterized as invasive ductal adenocarcinomas with complex features. Importantly,
sarcomatoid differentiation (spindle cell morphology) is observed, and E-cadherin expression is
lost, while mesenchymal markers Zeb1 and smooth muscle actin are gained in spindle-cell areas
of the tumors. Nuclear localization of B-catenin in tumors overexpressing Six1 suggests that the
Wnt pathway, a potent mediator of tumorigenesis, may be activated in Six1-driven tumors.
Finally, lung metastasis has occurred in a subset of animals. Thus, this transgenic model
demonstrates that inappropriate expression of Six1 promotes high-grade tumor formation,
oncogenic EMT, and metastasis, suggesting that Six1 is a powerful oncogene that is important
not only for tumor initiation, but also for tumor progression. Mining of clinical data sets reveals
that expression of the Six1 transcriptional complex is an indicator of poor prognosis in a number
of different cancers, suggesting that Six1 may play important roles in many different cancer
types. As Six1 is not necessary for most normal adult tissues, therapies directed against Six1
may not lead to the severe side effects seen with more conventional treatments, making Six1 an
attractive chemotherapuetic target.
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